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E-mail address: andersen@ucr.edu (G.J. Andersen)In the present study we examined the use of perceptual learning to improve motion processing in older
and younger individuals. Using the Perceptual Template Model (Lu & Dosher, 1998, 1999), age-related
differences in baseline perceptual inefﬁciencies and changes due to training were assessed for additive
internal noise, tolerance to external noise, and internal multiplicative noise. In Experiments 1 and 2
we trained participants by manipulating contrast in noise embedded sine-wave gratings and Random
Dot Cinematograms (RDCs). The results indicate that older observers have higher additive internal noise
and lower tolerance to external noise compared to younger observers. The rate of perceptual learning in
older observers was found to be similar to that of younger observers suggesting that plasticity of motion
processing mechanisms is well preserved in advancing age. Transfer of learning between sine-wave grat-
ings and RDCs for both older and younger observers was examined in an analysis of pre/post-test mea-
surements. The results indicate that transfer of learning occurred for both age groups. This suggests that
older individuals maintain a sufﬁcient degree of plasticity to allow generalization between sine-wave
gratings and RDCs. In addition, training with RDCs was found to produce greater perceptual learning than
training with sine-wave gratings. These experiments provide important ﬁndings regarding changes in
perceptual efﬁciency for motion perception in older adults and suggest that perceptual learning is an
effective approach for recovering from age-related declines in visual processing.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Visual performance becomes increasingly impaired with age.
These declines include a number of different aspects of visual
processing including motion perception. Studies examining age-
related declines in motion perception have included drifting
sine-wave gratings and Random Dot Cinematograms (RDCs). For
example, Sekuler (1980) found that older observers had reduced
sensitivity to low frequency sinusoidal gratings, especially when
the gratings were drifting. A similar ﬁnding by Snowden and
Kavanagh (2006) found decreased motion sensitivity to sine-wave
gratings across all spatial frequencies. Similar results were
obtained with random dot motion patterns. In addition, Roudaia
et al. (2010) found similar results with RDCs and suggested that
reduced motion sensitivity in older adults may be due to changes
in spatial and temporal integration. These are important ﬁndings
as they demonstrate that age-related decrements in motion
perception may be similar for different types of motion stimuli.ll rights reserved.
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.Ball and Sekuler (1986) found that older observers had increased
difﬁculty discriminating between two sequentially presented dis-
plays of uniform translating dots even when controlling for acuity
differences between age groups. In a similar study, Trick and Silv-
erman (1991) found that motion sensitivity to RDCs declined as a
function of age (ages ranged from 25 to 80). This ﬁnding was pro-
posed to be due to neural degeneration of the retinocortical path-
way rather than to optical changes in the eye. Gilmore et al. (1992)
used RDCs to examine differences between older and younger
observers in their ability to detect the direction of global motion
embedded within noise. Their RDCs contained both signal and
noise dots. They found that older observers, in particular older wo-
men, required signiﬁcantly greater signal to noise ratios to per-
ceive a global coherent motion direction. This result was
replicated in a study by Andersen and Atchley (1995). The results
of the Gilmore et al. and Andersen and Atchley studies indicate that
the aging visual system has a reduced tolerance to external noise.
As the signal to noise ratio in the stimuli was reduced, older
observers had increased difﬁculty ﬁltering out the noise from the
signal. More recently, Bennett, Sekuler, and Sekuler (2007) also
examined age related differences in motion discrimination with
RDCs. They found that older observers, as compared to younger
observers, had lower performance differentiating signal RDCs from
noise RDCs as well as determining the direction of motion.
Given the extensive literature demonstrating age-related
declines in vision, especially motion perception, an important
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performance among older observers. One promising approach is
the use of training protocols used in perceptual learning studies.
Perceptual learning is deﬁned as increased sensitivity to simple
stimuli after training. Perceptual improvements occurring after
training has been well documented for a large variety of stimuli
in college age participants (Fahle & Poggio, 2002; Fine & Jacobs,
2002). However, there have been few studies examining percep-
tual learning and aging. Perceptual learning in older adults has
been found with brightness and letter discrimination with masking
(Ratcliff, Thapar, & McKoon, 2006), compressed speech (Peele &
Wingﬁeld, 2005), divided attention (Richards, Bennett, & Sekuler,
2006), as well as motion discrimination (Ball & Sekuler, 1986).
Recently, Andersen et al. (2010) examined the effects of percep-
tual learning using the texture discrimination task (TDT) from Kar-
ni and Sagi (1991) and compared the learning rates of older and
younger observers. The TDT requires subjects to identify a centrally
presented letter and to identify the orientation of a texture pattern
presented in the periphery. The stimulus is brieﬂy presented and is
followed by a mask with performance assessed by measuring the
minimum SOA threshold needed to perform the texture discrimi-
nation task. The goal of the study was to determine if older observ-
ers would improve in, and retain, their ability to discriminate
texture patterns. In the Andersen et al. study, the SOA threshold
(75% point in their psychometric function) was determined for
younger and older participants prior to training. Subjects were
then randomly assigned to either an experimental group (which
received training with near threshold stimuli) or a control group
(which received training with stimuli well above threshold). The
results indicated that older observers in the experimental group
had signiﬁcant improvement in their SOA thresholds compared
to the control group. Improved performance from training was
maintained when subjects were tested in a 90 day follow-up
assessment. The results of this study demonstrate that older
observers can improve visual processing and that these changes
are retained over long periods of time.
While many perceptual learning studies have found perceptual
improvements after training, these beneﬁts are often limited to
speciﬁc characteristics of the trained stimuli. As a result, an impor-
tant issue in perceptual learning is the degree to which improved
performance transfers to non-trained characteristics of the stimu-
lus. For example, Karni and Sagi (1991, 1993) found that TDT train-
ing did not transfer to different locations in the visual ﬁeld or to a
different orientation. Fahle (2004) found that hyper-acuity learn-
ing was speciﬁc to the retinal location, orientation of stimuli, and
to the trained eye. Ball and Sekuler (1982) trained participants to
discriminate the direction of RDCs. They found that direction dis-
crimination improvements were constrained to within 45 of the
trained direction. In all of these studies, changing the orientation
of the stimuli or its location in the visual ﬁeld reduced transfer
of perceptual learning after training. This reduction of transfer
may be associated with the activation of different cortical cells that
respond to different orientations or locations in the visual ﬁeld. An
important question is whether perceptual improvement will trans-
fer between different types of information when stimuli are pre-
sented to the same region of the visual ﬁeld and thus activate
the same cortical regions. Thus, an important goal of the present
study was to determine whether training with one motion type
(e.g., drifting sine-wave gratings) will transfer to a different motion
type (e.g., RDCs).
Lu and Dosher (1998, 1999) proposed that the efﬁcient process-
ing of visual stimuli is limited by three factors – additive internal
noise, multiplicative internal noise, and tolerance to external noise.
Internal noise, both additive and multiplicative, can alter the
processing of information. One potential source of internal noise
is increased random ﬁring of neurons that occurs with advancedage (Hau et al., 2006; Leventhal et al., 2003; Schmolesky et al.,
2000; Yang et al., 2008). External noise is present in the environ-
ment. The visual system, when processing noisy stimuli, must ﬁlter
out irrelevant noise while processing important stimulus charac-
teristics. The Perceptual Template Model (PTM) developed by Lu
and Dosher (1998, 1999) is a multi-stage model that incorporates
quantitative representations of both internal noise and tolerance
to external noise. The PTM allows one to measure the effects of
additive internal noise, tolerance to external noise, and multiplica-
tive internal noise on performance. In the present study we used
the PTM to (1) assess age-related differences in additive internal
noise, multiplicative internal noise, and tolerance to external noise
in processing motion stimuli and (2) to examine the degree to
which perceptual training alters each of these three inefﬁciencies
for older and younger observers.
Before discussing the current research, an important issue is the
relationship between these three inefﬁciencies and age-related de-
clines in function. Several psychophysical studies on aging and
cognitive function have argued that increased additive neural noise
is a likely candidate for many age-related declines in function (see
Welford, 1984). For example, Bennett, Sekuler, and Sekuler (2007)
used a psychophysical model to predict age dependent changes in
global motion detection and direction discrimination. They found
that older observers had reduced performance distinguishing noise
RDCs from signal RDCs and that this age difference was due to in-
creased additive internal noise. In a related study, Betts et al.
(2005) found compelling psychophysical evidence for increased
internal noise. They found that older observers had better duration
thresholds than a college age group discriminating the motion
direction of large high-contrast Gabor patches. They suggested that
their results demonstrated that older observers had reduced cen-
ter–surround antagonism, compared to college age adults (see
Tadin et al. (2003) for a discussion of this issue), possibly due to
a loss of cortical inhibition. There is some evidence that a loss of
cortical inhibition in neurons increases baseline ﬁring rates and
is thus a potential source of internal noise (Leventhal et al., 2003).
These psychophysical results are consistent with the results of
several neurophysiological studies examining age-related differ-
ences in the properties of neurons in visual cortex. Schmolesky
et al. (2000) examined cells in primary visual cortex (V1) of senes-
cent and young rhesus monkeys that responded to drifting sinusoi-
dal gratings and RDCs. They found that the cells from an older
group had a higher ﬁring base rate and responded to a larger range
of directions than the cells of younger monkeys and suggested that
increases in baseline ﬁring rate may be caused by declines in cor-
tical inhibition. Yang et al. (2008) measured the responses of direc-
tionally selective cells, to low-contrast drifting sinusoidal gratings,
in both V1 and Medial Temporal (MT) area for both young and old
rhesus monkeys. They found that cells of older monkeys had higher
base rates of ﬁring as well as a higher maximal response when
grating contrast was increased. These age-related declines were
signiﬁcantly larger for cells in area MT. Hau et al. (2006) compared
the response of single cells located in area V1 of young and old cats
to drifting sinusoidal gratings. Similar to the results of research
with monkeys, cells in older cats had increased base rates of ﬁring
and responded to a greater range of motion direction. In addition,
they found increased signal to noise ratios in cells of older animals
as compared to younger animals. Leventhal et al. (2003) has sug-
gested that reduced inhibition with increased age may be the re-
sults of decreased levels of the neurotransmitter GABA. These
ﬁndings, considered together, suggest that increased internal noise
in the aging visual system may account for age-related declines in
motion perception.
Multiplicative internal noise is another factor that inﬂuences
the efﬁciency of visual processing. This type of noise differs from
additive internal noise in that its amplitude is directly affected
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tiplicative internal noise is useful for explaining behavior that fol-
lows patterns similar to those predicted by Weber’s law (s = DI/I).
For example, if an observer has a high level of multiplicative inter-
nal noise then differentiating between two stimuli may require
much more stimulus energy as compared to an observer with a
low level of multiplicative internal noise. As mentioned earlier,
studies have indicated that internal noise is a possible source of
motion perception decrements in older adults, but the distinction
between additive and multiplicative noise is less clear.
A third possible source of age-related declines in motion pro-
cessing is decreased tolerance to external noise (Andersen & Atch-
ley, 1995; Bennett et al., 2007; Gilmore et al., 1992; Pilz, Bennett, &
Sekuler, 2010). This type of age-related decline is evident when
older observers are presented with noisy visual stimuli. In the
PTM (Lu & Dosher, 1998, 1999) the visual system ﬁlters external
noise by selecting an appropriate template to process the stimuli
in the most efﬁcient manner. A perceptual template operates sim-
ilar to a ﬁlter by separating important information in a visual stim-
ulus from irrelevant information. Improving template selection
through training helps the observer separate signal from noise
resulting in increased processing efﬁciency. In the present study
we examined age-related changes in internal noise and external
noise exclusion using the Perceptual Template Model.
Lu and Dosher (1998, 1999), used the PTM to predict response
patterns for observers in both 2AFC Gabor patch orientation dis-
crimination and 2IFC detection. For these tasks the Gabor patch
was manipulated by varying overall contrast and external noise.
Variations in contrast result in changes in signal energy. External
noise was presented by selecting a random contrast level from a
Gaussian distribution that was added to or subtracted from each
pixel of the sine-wave grating. The PTM was used to predict the
amount of contrast needed to maintain a speciﬁc level of sensitiv-
ity while varying external noise. This form of the PTM is deﬁned as
cs ¼ 1b
ð1þ AmN2mulÞAeN2cext þ AaN2add
1=d02  AmN2mul
" #1=2c
ð1Þ
The output of Eq. (1) (cs) is the amount of signal contrast (signal en-
ergy) needed to maintain a criterion level (d0) at a speciﬁc level of
external noise contrast (Next). Baseline levels of additive internal
noise (Nadd), multiplicative internal noise (Nmul), and tolerance to
external noise (Next) may change as a result of perceptual learning
(Aa, Am, and Ae respectively). Signal gain (b) and non-linearity (c)
are accounted for in each ﬁt. A list of the parameters for Eq. (1) is
presented in Table 1.
Lu and Dosher (1998, 1999) used the PTM to determine if im-
proved performance from perceptual training was due to a reduc-
tion in multiplicative noise or due to a combination of reduced
additive internal noise with external noise exclusion. They found
that for two measured levels of sensitivity (percent correct of
79.3 and 70.3) the improvements were similar and constant acrossTable 1
Terms in Eq. (1).
Eq. (1) terms
cs Signal contrast
b Signal gain
Nmul Multiplicative noise
Next External noise
Nadd Additive noise
c Non-linear transducer
d0 Sensitivity
Am Change in Nmul
Ae Change in Next
Aa Change in Naddtraining days. Their results were not consistent with model predic-
tions based on a signiﬁcant reduction of internal multiplicative
noise. They concluded that the improvements were due to a com-
bination of reduced additive internal noise with increased external
noise exclusion.
The present study used perceptual learning to assess age-re-
lated differences in perceptual efﬁciency as quantiﬁed by the
PTM. The present research examined a number of important ques-
tions. First, to what degree can perceptual learning be used to im-
prove motion discrimination performance for drifting sine-wave
gratings and RDCs in older participants? Second, what are the
baseline age-dependent differences for additive internal noise,
multiplicative internal noise, and tolerance to external noise for
these two types of motion stimuli? Third, how does perceptual
training alter age-related differences in the three perceptual inefﬁ-
ciencies? Finally, will improved performance from perceptual
training with one stimulus type transfer to the other stimulus type
and will the magnitude of transfer be age-dependent?2. Experiment 1
Experiment 1 examined age-related differences in perceptual
efﬁciency and the effects of perceptual training when discriminat-
ing the motion direction of sine-wave gratings. The experimental
stimuli and task was based on the study by Lu, Chu, and Dosher
(2006). They had observers judge the motion direction (left or
right) of a noise ﬁltered sine-wave grating. They used several levels
of noise and manipulated the contrast of sine-wave gratings using
staircase methods to derive contrast thresholds. In Experiments 1
and 2 they found evidence of reduced additive internal noise and
increased external noise exclusion through PTM analysis. They
did not ﬁnd evidence of changes in internal multiplicative noise.
We applied the PTM to estimate baseline differences in additive
internal noise, multiplicative internal noise, and tolerance to exter-
nal noise between age groups. In addition, we compared age-
related changes in the three perceptual inefﬁciencies following
training.
2.1. Methods
2.1.1. Participants
The participants were nine younger (mean age 21.7) and nine
older (mean age 75.3) observers. One younger and one older partic-
ipant were dropped from the study due to declines in performance
following training. The younger participants were recruited from
the undergraduate population at the University of California, River-
side. The older participants were paid volunteers from continuing
education courses at the University of California, Riverside’s Exten-
sion center or from the March Air Force Base retirement commu-
nity. All participants were paid 15 dollars per experimental day
plus an additional bonus of 50 dollars after completing the last
day of the experiment. All participants had normal or corrected
to normal vision (see Table 2 for participant demographics).
2.1.2. Apparatus
The stimuli were presented on a Dell Vostro 430 workstation
using an Nvidia GTS 240 video card. The monitor was a Viewsonic
PF817 perfect ﬂat set at a resolution of 1025  768 and operating
at 120 Hz. The viewing distance was 40 cm and was maintained
using a chin rest. Participants viewed the stimuli through a large
plano-convex glass collimation lens that set the focal distance of
the screen to optical inﬁnity and minimized any age related
accommodative focus differences. The lens magniﬁed the stimuli
by 19%. The display was modulated by a Cambridge Research
Bitts++ system running in Mono++ mode. This system allows for
Table 2
Means and standard deviations of participants’ demographic information and results
from perceptual and cognitive tests in Experiments 1 and 2.
Younger Older
M SD M SD
Age (years)a 23.2 2.3 75.4 8.5
Years of education 16.6 1.2 16.2 2.2
Snellen letter acuitya 10/10.1 4.3 10/17 4.4
Log contrast sensitivityb 1.56 0.158 1.55 0.23
Digit span forwarda 9.4 2 11.7 2.2
Digit span backward 6.3 1.4 7.2 2.3
Perceptual encoding manuala 92.7 17 65.1 16
Kaufman Brief Intelligence Testa 22 4.4 28.6 4.1
a Difference between age groups was signiﬁcant (p 6 0.05).
b Contrast sensitivity was measured using the Pelli–Robson test (Pelli, Robson, &
Wilkins, 1998).
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gamma was corrected to produce linear luminance output. The
experiment was programmed in the Matlab (V. R2009a)
environment using the Psychophysics Toolbox extension software
(Brainard, 1997; Pelli, 1997). The experiment took place in a dark
room. Participants responded using a standard keyboard.Fig. 1. Examples of the stimuli used in Experiment 1.
2.1.3. Stimuli
The stimuli were drifting sine-wave gratings combined with
scintillating noise images. The grating was a 32 by 32 pixels area
(1.8 diameter after magniﬁcation from the collimation lens) lo-
cated in the center of the monitor and had a spatial frequency of
3 cycles per degree. The maximum Weber contrast of the grating
was manipulated within the experimental block trial by trial using
a staircase method (details in procedure section). The average
luminance of the sine-wave grating was 42.4 cd/m2. Each still im-
age of the sine-wave grating was mixed with a noise image of
matched size. In the noise image, the luminance of each 1 by 4 pix-
el segment was selected randomly from a Gaussian distribution.
The standard deviation (r) of the distribution was one of six levels
determined by experimental block – 0, 0.03, 0.08, 0.13, 0.22, or
0.33. The distribution was centered at the mean luminance of the
display (42.4 cd/m2). For each trial a total of ﬁve stimuli images
were generated by combining sine-wave gratings and noise
images. The stimuli were combined by assigning each image alter-
nating pixel-rows. For example, in stimuli-image 1 the sine-wave
grating was assigned all even pixels rows and the noise image
was assigned all odd pixel-rows whereas in stimuli image 2 the
sine-wave image was assigned all odd pixel-rows and the noise im-
age was assigned all even pixel-rows. Each stimuli image was pre-
sented for four frames for a total of 33 ms each. The sine-wave
grating had a 90 phase shift in the direction of motion for each im-
age. This shift was equivalent to a speed of 2.5 deg/s. The motion
direction was randomized on each experimental trial. The experi-
mental stimulus was surrounded by a black square 2 pixels in
diameter. See Fig. 1 for examples of the stimuli at each noise level
for the 100% and 50% contrast level conditions.2.1.4. Task and procedure
The task was to indicate whether the motion direction of the
sine-wave grating was to the left or the right. The participants
were informed that either motion direction had an equal probabil-
ity of occurring and was determined randomly before each trial. If
the participant could not discriminate the motion direction they
were told to make their best possible judgment.
At the beginning of each trial a black box 2 pixels wide and 32
pixels in diameter was presented on the screen. A ﬁxation point 4
pixels square was drawn in the center of the box. The box and ﬁx-ation point remained until the participant initiated the trial. To ini-
tiate the trial the participant hit any key on the keyboard, the
ﬁxation point disappeared. Then the stimulus was presented for
167 ms. Following the presentation of the stimulus the screen
went blank (e.g., returned to the average luminance) while the sub-
ject responded. Following the subject response feedback was given
(a high tone for a correct response and a low tone for an incorrect
response). Then the black box and ﬁxation point was presented
indicating that the participant may begin the next trial when
ready. The trial number was presented in the upper left corner of
the screen to inform the participant of their progress.
Each experimental block consisted of 140 trials. After 70 trials a
screen message was presented instructing the participant to take a
10 s. rest. The program could not be resumed during this 10 s
break. At the end of 140 trials another screen message was pre-
sented informing the participant to take at least a 30 s break. The
program could not be resumed for at least 30 s. The participants
were told that they could leave the room for a brief break or remain
in the room and resume the experiment after a minimum of 30 s.
Each experimental block took approximately 5–7 min to complete
depending on how long the individual participant rested between
trials and rested following the 70th trial.
On the ﬁrst day of the experiment all participants were read a
standardized introduction that brieﬂy explained the purpose,
goals, and procedure of the study. They then completed an intro-
duction program that presented examples of the stimuli and the
experimental procedure. The introduction program consisted of
three blocks of 14 trials. The blocks showed the participants exam-
ples of stimuli at three noise levels – 0.00r, 0.16r, and 0.33r. After
the introduction program was complete the procedure was re-
viewed and then the experiment began.
Experiment 1 took place over 6 days. On each day there were six
blocks – one block for each standard deviation of the noise image.
Within each block the maximum contrast of the sine-wave image
was manipulated with two randomly interleaved adaptive stair-
cases. Staircase 1 used a 2/1 decision rule that estimated the
70.7% threshold. Staircase 2 used a 3/1 decision rule that estimated
the 79.3% threshold. The 2/1 staircase controlled 60 trails and the
3/1 staircase controlled 80 trials of the 140 trials in each block.
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Fig. 2. Contrast thresholds as a function of training day and noise level from
Experiment 1.
Table 3
The ﬁt PTM parameters for day 1 and day 6 from Experiment 1. See Eq. (1) and Table 1
for deﬁnition of terms. The number in brackets refers to experimental day. Ratio is the
average of criterion 2 (79.3% correct) divided by criterion 1 (70.7% correct) at all noise
levels. Adj. R2 is the adjusted R-squared. Ratio Diff. is the difference between ratio(6)
and ratio(1). Mean adj. R2 is the average of each R-squared score on each day.
Younger average Older average
No_Am Fit_Am No_Am Fit_Am
b 1.0395 1.0395 0.8075 0.8075
c 2.9545 2.9545 2.2504 2.2504
Nmul 0.9974 0.9974 0.9980 0.9980
Nadd 0.0002 0.0002 0.0037 0.0037
Ratio(1) 0.9219 0.9219 0.8792 0.8792
Adj. R2(1) 0.8127 0.8127 0.9939 0.9939
Am(6) 1.0000 0.0081 1.0000 0.0221
Aa(6) 1.1212 1.4929 0.3336 0.4511
Ae(6) 0.4286 0.5923 0.7105 0.9818
Ratio(6) 0.8569 0.8569 0.8984 0.8984
Adj. R2(6) 0.9051 0.8734 0.9710 0.9613
Ratio Diff. 0.0649 0.0649 0.0193 0.0193
Mean adj. R2 0.9050 0.8838 0.9820 0.9763
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Step size for both staircases were adjusted after each reversal in
the following order – 24, 16, 8, 8, 4, 3, 2, 1. After the 8th reversal
the step size was held at 1 step. On day 1 and day 6 of the exper-
iment both staircases were initialized at 100% contrast (step 64).
On days 2–5 the staircases were initialized at the thresholds ob-
tained for the matched noise level from the previous day. The
thresholds obtained for each staircase (criterion level), as well as
the average of the two, were ﬁt with the PTM on each day of the
experiment. The average of the two staircases (75% threshold)
was used for statistical analysis. Over the duration of the experi-
ment each participant was presented and responded to 5040 trials.
2.1.5. Model
The PTM was implemented using the Curve Fitting Toolbox for
Matlab (V. R2009a). Contrast thresholds for each noise level for
both criterion levels (staircases) as well as the average of the two
were independently ﬁt for each training day. On day 1, the model
estimated the following parameters – b, c, Nmul, and Nadd. For days
2–6, two different versions of the PTM were ﬁt to the participants’
thresholds. In both versions, parameters b and c were held con-
stant with additive internal noise (Aa) and tolerance to external
noise (Ae) allowed to vary. However, in one implementation of
the PTM multiplicative internal noise (Nmul) was held at the value
found on day 1 while in the other implementation a change in mul-
tiplicative noise (Am) was assessed. It was possible that multiplica-
tive internal noise would not change as a result of perceptual
training in either younger or older observers (Lu & Dosher, 1998,
1999; Lu, Chu, & Dosher, 2006). By ﬁtting two versions of the
PTM it was possible to choose between two models, a version that
included changes in multiplicative internal noise or a more parsi-
monious version that held it constant. The decision on which mod-
el was used was dependent on whether there was evidence of a
change in multiplicative internal noise after training by assessing
ratio differences between criterion levels from day 1 to day 6.
For each day, the threshold values at criteria level 1 (70.7% correct)
were divided by criterion level 2 (79.4% correct) at each noise level
and were averaged to produce a ratio score. A change in ratio
scores from day 1 to day 6 would indicate changes in multiplicative
internal noise.
2.2. Results
The average threshold for each subject in each condition was
analyzed in a 2 (age)  6 (day)  6 (noise) mixed design repeated
measures ANOVA. For interactions, a Greenhouse–Geisser correc-
tion was used.
There were signiﬁcant main effects for day (F(5, 70) = 16.539,
p < 0.001) and noise level (F(5, 70) = 89.129, p < 0.001). Post hoc
analysis (Tukey HSD test) indicated that there was improvement
after day 1 with signiﬁcant differences (p < 0.05) between day 1
and all other days, between day 2 and day 5, and between days
2, 3, and day 6. The overall reduction in contrast threshold was
9% from day 1 to day 6. With regard to the main effect of noise le-
vel, post hoc analysis (Tukey HSD test) revealed that the three
highest noise levels (0.13r, 0.22r, and 0.33r) were signiﬁcantly
different from all other noise conditions. The three lowest noise
levels (0r, 0.03r, or 0.08r) were not signiﬁcantly different from
each other (p > 0.05). The difference in average threshold between
the lowest (0r) and highest (0.33r) noise levels was an increase in
contrast threshold by 35%. Surprisingly, there was no signiﬁcant
main effect of age (F(1, 12) = 0.275, p = 0.61) found in Experiment
1.
There was a signiﬁcant 2-way interaction between day and
noise level (F(5.97, 83.53) = 3.826, p = 0.002) (see Fig. 2). An
analysis of simple effects for each level of noise indicated that thisinteraction was due to signiﬁcant differences between all noise lev-
els [0.03r  (F(1, 15) = 3.28, p = 0.09); 0.08r  (F(1, 15) = 16.01,
p = 0.01); 0.13r  (F(1, 15) = 17.65, p < 0.01); 0.22r  (F(1, 15) =
20.18, p < 0.01); 0.33r  (F(1, 15) = 17.44, p < 0.01)] except the
lowest [0r  (F(1, 15) = 0.9, p = 0.36)] from training days 1 to 6.
2.2.1. Model results
Table 3 shows the estimated parameters for the averaged data
for both age groups. The difference between the criterion ratios
at day 6 and day 1 was not indicative of a reduction of multiplica-
tive internal noise for either age group. The younger group had a
criterion ratio of 0.92 at day 1 and 0.86 at day 6 (see Table 3). In
addition, the version of the PTM in which Am was ﬁt had a lower
mean adjusted R2. Based on these results there is little evidence
to suggest a change in Nmul due to training for younger observers.
The older group had a criterion ratio of 0.88 at day 1 and 0.90 at
day 6. Simulation results indicated that the version of PTM that
held Nmul constant had a higher mean adjusted R2. For the older
group there was little evidence from the simulation results to sup-
port a reduction in multiplicative internal noise. All remaining sim-
ulations thus used a constant value of Nmul. According to the model
simulation, the younger group showed increased tolerance to
external noise after training (Ae(6) = 0.43) but did not show any
Younger
Noise Contrast (standard deviation)
0
10
20
30
40
50
C
on
tra
st
 T
hr
es
ho
ld
 (%
)
 Day 1
 Day 6
Older
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Noise Contrast (standard deviation)
0
10
20
30
40
50
C
on
tra
st
 T
hr
es
ho
ld
 (%
)
 DAY 1
 DAY 6
Fig. 3. The PTM ﬁt for the younger and older groups in Experiment 1.
J.D. Bower, G.J. Andersen / Vision Research 61 (2012) 144–156 149reduction of internal additive noise (Aa(6) = 1.12). In contrast, the
older group showed an increase in tolerance to external noise
(Ae(6) = 0.71) and a reduction of additive internal noise (Aa(6) =
0.33) after training. The older group started with a higher level of
additive internal noise (Nadd = 0.0037) compared to the younger
group (Nadd = 0.0002). Fig. 3 shows the ﬁtted PTM curves for the
younger and older groups.
2.3. Discussion
Overall, older and younger participants showed a perceptual
learning effect from day 1 to day 6. Learning was only statistically
signiﬁcant in the ﬁve highest noise conditions (0.03r, 0.08r, 0.13r,
0.22r, and 0.33r). Improvement for the highest noise conditions is
likely due to increased tolerance to external noise (Lu & Dosher,
1998, 1999, 2004, 2008; Lu, Chu, & Dosher, 2006). The results of
the PTM simulations indicate there was increased tolerance to
external noise for both the younger (Ae(6) = 0.43) and older
(Ae(6) = 0.71) age groups resulting from training. Increased toler-
ance to external noise on day 2 of training was used to estimate
baseline differences between age groups. On day 2 the younger
group (Ae(2) = 0.7068) had greater tolerance to external noise com-
pared to the older group (Ae(2) = 0.9768). Reduced tolerance to
external noise in the older group is consistent with previous stud-
ies that found age related performance differences with stimuli
containing noise (Andersen & Atchley, 1995; Bennett et al., 2007;
Gilmore et al., 1992; Pilz, Bennett, & Sekuler, 2010; Trick & Silver-
man, 1991). Older participants in Experiment 1 demonstrated
learning in the highest noise conditions. This ﬁnding suggests that
older individuals can learn to tolerate noise in the environment.
These statistical and modeling results suggest that older observers
began with lower tolerance to external noise and, while showing
improvement, experienced less external noise exclusion as a result
of training than younger observers.
The ANOVA results showed that there was no signiﬁcant differ-
ence between age groups for the lowest noise level (0r). In addi-
tion, there was no signiﬁcant learning for either age group for
this level. Performance at low noise is thought to be mediated by
additive internal noise (Lu & Dosher, 1998, 1999). Fig. 3 suggests
that at the two lowest noise levels (0.00r and 0.03r) that older
observers had lower performance on day 1 compared to day 6
and lower performance than the younger observers on day 1 at
these levels. PTM analysis indicated that older observers initially
had higher additive internal noise (Nadd = 0.0037) than the younger
group (Nadd = 0.0002). This ﬁnding supports previous research thatsuggest age-related declines in the perception of motion were
caused by increased internal noise (Bennett et al., 2007; Betts
et al., 2005). The results of the PTM analysis indicate that there
was a reduction of additive internal noise for the older group as
a result of training (Aa(6) = 0.334) but not for the younger group
(Aa(6) = 1.114). This difference in learning may be due to a higher
learning potential for older observers. Since the older observers be-
gan with lower performance at the lower noise levels this may
have allowed for a greater range for improvement. In contrast,
the younger group’s performance may have been near optimal at
the beginning of the experiment for the low noise conditions
and, as a result, did not allow for changes in internal noise. Greater
reduction in additive internal noise for the older group found by
PTM analysis suggests different rates of additive internal noise
reduction between age groups. This ﬁnding suggests that increased
noise in the visual system for older observers may be reduced
through perceptual training resulting in improved perception of
low-noise stimuli.
Reduction of internal multiplicative noise was ruled out as con-
tributing factor to performance due to the failure to ﬁnd a differ-
ence between criterion ratios as a result of training. As explained
in the model section, a reduction in threshold differences between
the 3/1 and the 2/1 staircases, as a result of training, would indicate
that multiplicative internal noise was reduced. As indicated in Ta-
ble 3 the Ratio Diff. (ratio(6)  ratio(1)) scores for the younger and
older groups are 0.06 and 0.02 respectively. Thus the present re-
sults do not provide evidence of changes in multiplicative internal
noise.3. Experiment 2
Experiment 2 examined age-related differences in perceptual
efﬁciency and changes in processing due to perceptual training
using Random Dot Cinematograms (RDCs). This experiment was
similar to the design of Experiment 1 but used RDCs as the motion
stimulus. Similar to Experiment 1, the PTM was used to estimate
additive internal noise, multiplicative internal noise, and tolerance
to external noise for both older and younger observers and to as-
sess changes in these factors as a result of perceptual training.
Experiments 1 and 2 can be compared to assess how performance,
perceptual efﬁciency, and cortical plasticity are different for sine-
wave gratings and RDCs in both age groups. Differences in these re-
sults could help identify age-dependent changes of perceptual efﬁ-
ciency in early stages of visual processing.
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3.1.1. Participants
The participants were eight younger (mean age 21.5) and 11
older (mean age 68.8) observers. Three older participants were
dropped from the study – one due to illness and the other two
due to declines in performance after training. None of the subjects
had participated in Experiment 1. The younger participants were
recruited from the undergraduate population at the University of
California, Riverside. The older participants were paid volunteers
from continuing education courses at the University of California,
Riverside’s Extension center or from the March Air Force Base
retirement community. All participants were paid 15 dollars per
experimental day plus an additional bonus of 50 dollars after com-
pleting the last day of the experiment. All participants had normal
or corrected to normal vision.
3.1.2. Apparatus
The apparatus was the same as that used in Experiment 1.
3.1.3. Stimuli
The stimuli were coherent motion RDCs. The RDC stimuli were
presented in a 32 by 32 pixels area (1.8 diameter after magniﬁca-
tion from the collimation lens) located in the center of the monitor.
The experimental stimulus was surrounded by a black square 2
pixels in diameter. The individual dots subtended 0.1 visual angle.
The dot density on each image was 10 dots/deg2 for a total of
22 dots. Before each trial ﬁve random dot images were generated.
Within the trial each image was displayed for four frames for a to-
tal of 33 ms. The total duration of each trial was 167 ms.
For each trial 50% of the dots were sorted into a signal group
with the remainder designated as noise dots. The contrast of each
signal dot was randomly selected from a uniform distribution cen-
tered at the mean luminance of the display with the range deter-
mined from an adaptive staircase. Two randomly interleaved
staircases were used. At the highest step level (step 64 or 100%
contrast) the distribution spanned the entire dynamic range of
the display. At smaller step levels (lower contrast levels) the range
was reduced but remained centered at the mean luminance. When
the distribution was at a high-contrast level the dots appear to
range between white to black (see Fig. 4). At lower contrast levels
the appearance of the dots was from light-gray to dark-gray. In im-
age 1 of every trial each signal dot was assigned a random position
inside the stimulus display area. A single motion direction was ran-
domly assigned to all signal dots before each trial. The dots trans-
lated in a predetermined direction at a speed of 2.5 deg/s. The
signal dots had a lifetime of two images after which they were as-
signed a new random position within the stimulus display area.
The initial lifetime was randomly assigned to each signal dot to en-
sure that all signal dots did not reposition simultaneously – i.e.
some dots were already at the end of their 2-image lifetime at im-Fig. 4. Examples of RDCs from Experiment 2 with different contrast ranges.age 1 of the trial. If a signal dot translated outside the display re-
gion it was assigned a new random position.
The contrast of each noise dot was drawn randomly from a uni-
form distribution centered at the mean luminance of the display
with the contrast range determined by block. The six contrast
ranges were the same as that used in Experiment 1 – 100%, 80%,
60%, 40%, 20%, and 1.56%. The noise dots were assigned an initial
random location within the display region and were assigned a
new random location on each image.
3.1.4. Task and procedure
The task and procedure was identical to Experiment 1 with the
following exceptions – (1) participants were instructed to indicate
whether the overall direction of the dot ﬁeld was to the left or
right, and (2) in the introduction program the range of contrast
used in the three blocks were 100%, 50%, and 1.56%.
3.1.5. Model
The PTM was implemented in a manner similar to Experiment
1. Noise level in Experiment 1 was determined by the standard
deviation of a Gaussian distribution while Experiment 2 used
uniform distributions. Uniform distributions are typically only
described as having a range. To match the standard deviation in
Experiment 1 the standard deviations of the uniform distributions
were calculated and used in the ﬁtting procedure. The standard
deviations for each noise contrast range (standard deviation) were
– 100% (0.288r), 80% (0.231r), 60% (0.173r), 40% (0.115r), 20%
(0.058r), 1.56% (0r).
3.2. Results
The results were analyzed in a 2 (age)  6 (day)  6 (noise)
mixed design repeated measures ANOVA.
There were signiﬁcant main effects of age (F(1, 14) = 6.478,
p = 0.023), day (F(5, 70) = 5.949, p = 0.001), and noise (F(5, 70)=
154.95, p < 0.001). The younger group had average lower contrast
thresholds by 13%. Post hoc analysis (Tukey HSD test) for the main
effect of day revealed that day 1 was signiﬁcantly different
(p < 0.05) from all other days except day 2. There were no other
signiﬁcant differences found for training day. The average reduc-
tion of contrast threshold from day 1 to day 6 was 6%. Post hoc
analysis (Tukey HSD test) for noise indicated that all noise levels
were signiﬁcantly different (p < 0.05) from each other except the
two lowest noise level (0% and 20%). The average increase in
threshold from the 0% contrast to the 100% contrast noise levels
was 36%. For comparison purposes, the overall pattern of results
is shown in Fig. 5.
3.2.1. Model results
Table 4 shows the estimated parameters for the averaged data
for both age groups. For both the younger and older groups the dif-
ference between criterion threshold ratios between day 6 and day
1 is not indicative of a change in multiplicative noise due to train-
ing. The Ratio Diff. (ratio(6)  ratio(1)) (see Table 4) score for the
younger and older groups were was 0.007 and 0.001, respec-
tively. In addition, the mean adjusted R2 was higher for the version
of the PTM in which Nmul was held constant. Therefore, for both
older and younger observers, the version of the PTM in which Nmul
was held constant after day 1 was used. The older group had higher
levels of additive internal noise on day 1 (Nadd = 0.0040) as com-
pared to the younger group (Nadd = 0.0011). After training there
was a reduction in additive internal noise for both groups. How-
ever, the younger group had a slightly greater reduction of additive
internal noise (Aa(6) = 0.64) following training as compared to the
older group (Aa(6) = 0.88). Tolerance to external noise on training
day 2 was lower for the younger group (Ae(2) = 0.81) than the older
Table 4
The ﬁt PTM parameters for day 1 and day 6 from Experiment 2. See Eq. (1) and Table 1
for deﬁnition of terms.
Younger average Older average
No_Am Fit_Am No_Am Fit_Am
b 1.0075 1.0075 0.7311 0.7311
c 3.2079 3.2079 3.0564 3.0564
Nmul 0.9968 0.9968 0.9977 0.9977
Nadd 0.0011 0.0011 0.0040 0.0040
Ratio(1) 0.8316 0.8316 0.8024 0.8024
Adj. R2(1) 0.9601 0.9601 0.9638 0.9638
Am(6) 1.0000 0.0431 1.0000 0.4495
Aa(6) 0.6369 0.8602 0.8827 1.1375
Ae(6) 0.6945 0.9585 0.7664 0.9877
Ratio(6) 0.8323 0.8323 0.8015 0.8015
Adj. R2(6) 0.9635 0.9513 0.9800 0.9733
Ratio Diff. 0.0007 0.0007 0.0010 0.0010
Mean adj. R2 0.9690 0.9609 0.9654 0.9559
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Fig. 5. Contrast threshold as a function of age, training day and noise from Experiment 2.
J.D. Bower, G.J. Andersen / Vision Research 61 (2012) 144–156 151group (Ae(2) = 0.90) suggesting that the younger participants had a
higher tolerance to external noise prior to training. After training
both age groups showed increased tolerance to external noise.Younger
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Fig. 6. The PTM ﬁt for the younger anThe younger group showed slightly more improvement (Ae(6) =
0.69) compared to the older group (Ae(6) = 0.77). Fig. 6 shows the
model ﬁt for days 1 and 6 for the younger and older age groups.3.3. Discussion
In Experiment 2 both older and younger observers improved
performance as a result of training across all noise levels. The
younger group showed better overall performance than older sub-
jects before and after training. The PTM estimated that the younger
group had lower levels of additive internal noise (Nadd = 0.0011) at
the beginning of the experiment compared to the older group
(Nadd = 0.0040). This is consistent with the results of Experiment
1 and previous research (Bennett et al., 2007; Betts et al., 2005;
Hau et al., 2006; Leventhal et al., 2003; Schmolesky et al., 2000;
Yang et al., 2008) indicating that older observers have higher base-
line levels of additive internal noise. In this experiment, both the
older and younger age groups showed improved performance at
the lower noise levels as a result of training. Improvement in per-
formance for low noise conditions as a result of perceptual training
is thought to be due to a reduction of additive internal noise (Lu &Older
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152 J.D. Bower, G.J. Andersen / Vision Research 61 (2012) 144–156Dosher, 1998, 1999). PTM analysis of the results of Experiment 2
indicated that additive internal noise was reduced in both groups
with the older group showing less reduction (Aa(6) = 0.88) reduc-
tion than the younger (Aa(6) = 0.64) age group. In this experiment,
the learning rates are different suggesting that younger partici-
pants had a greater rate of learning than the older group. In Exper-
iment 1, it was found that only the older group had a reduction in
additive internal noise following training. In addition, the reduc-
tion of additive internal noise for the older group was greater in
Experiment 1 than in Experiment 2. Both sine-wave gratings and
RDCs are processed by directional sensitive cells in areas V1 and
MT but only RDCs are described as using a local motion integrator
(Festa & Welch, 1997; Reichardt, 1961). The difference in additive
internal noise reduction between Experiments 1 and 2 could reﬂect
an age-dependent difference in the ability to integrate local motion
signals. An interesting ﬁnding in the present study is that the
younger group in Experiment 1 did not show a reduction in addi-
tive internal noise following training (Aa(6) = 1.11) whereas in
Experiment 2 the younger group did show some reduction
(Aa(6) = 0.64). In Experiment 2, the task required the integration
of local motion signals which may have allowed for a greater range
of improvement for younger observers. It is possible that process-
ing RDCs, which necessarily involves the integration of local
motion signals, may introduce additional computational require-
ments that contribute to additive internal noise. This additional
level of processing may have increased task difﬁculty in Experi-
ment 2 and thus created a greater range for improvement for youn-
ger observers. For older observers the additional processing
requirements may have resulted in greater difﬁculty in performing
the task.
In Experiment 2 the performance of older observers prior to
training was lower than the performance of younger observers
before training (see Fig. 6). Older observers also showed lower tol-
erance to external noise (Ae(2) = 0.90) than younger observers
(Ae(2) = 0.81) on day 2. The age-related performance difference on
day 1 and the estimated difference in tolerance to external noise
on day 2 suggest that there are age-related differences in tolerance
to external noise. Following training the increased tolerance to
external noise was greater for the younger group (Ae(6) = 0.69) than
for the older group (Ae(6) = 0.77). This ﬁnding is similar to that ob-
tained in Experiment 1 in which changes in tolerance to external
noise was larger for the younger group (Ae(6) = 0.42) as compared
to the older group (Ae(6) = 0.71). These ﬁnding is consistent with
the results of previous studies indicating that motion direction per-
formance with RDCs is lower for older observers, as compared to
younger observers, when noise is present (Andersen & Atchley,
1995; Ball & Sekuler, 1986; Gilmore et al., 1992; Pilz, Bennett, &
Sekuler, 2010; Trick & Silverman, 1991).
Similar to Experiment 1, changes in multiplicative internal
noise was excluded as a possible factor that altered performance
for both the younger and older age groups. This was due to a lack
of change in criterion ratio differences over training. This indicates
that there was no difference in multiplicative internal noise nor
was there a difference between the two age groups in learning
rates after training.4. Analysis of pre/post-test measurements assessing transfer of
learning
Transfer of training between sine-wave gratings and RDCs was
examined by testing observers in Experiments 1 and 2 in an addi-
tional pre- and post-test session. Participants in Experiment 1 were
trained for 6 days with sine-wave gratings. Before day 1 and after
day 6 the participants were tested with the RDC stimuli used in
Experiment 2. In a similar manner, the participants in Experiment2 were trained for 6 days with RDCs. Before day 1 and after day 6
these participants were tested with the sine-wave grating stimuli
used in Experiment 1. We used simulations of the PTM to estimate
changes in perceptual efﬁciency with regard to transfer of training.
4.1. Methods
4.1.1. Participants
The participants were the same as those used in Experiments 1
and 2.
4.1.2. Apparatus and stimuli
The apparatus and stimuli were the same as that used in Exper-
iments 1 and 2.
4.1.3. Task and procedure
The tasks and procedures were identical to those used in
Experiments 1 and 2 with the following exceptions. On the pre-
test day participants completed an introduction program identical
to that used in Experiments 1 and 2 that was appropriate to the
stimulus group. The adaptive staircase procedures were initial-
ized at step 64 (100% contrast) on both the pre- and post-test
days.
4.1.4. Model
The PTM analysis was identical that used in Experiments 1 and
2 and was used to estimate changes in additive internal noise, tol-
erance to external noise, and internal multiplicative noise from the
pre- to post-training days.
4.2. Results
Two preliminary 2 (stimuli type)  6 (noise level) mixed design
ANOVAs were done to check if any pre-existing differences existed
between stimuli types on day 1 for both age groups independently.
No signiﬁcant main effects for stimuli type were found for either
age group, suggesting that subjects did not differ in baseline per-
formance prior to training.
The results were analyzed in a 2 (age)  2 (group)  2 (pre-/
post-test)  6 (noise) mixed design repeated measures ANOVA. A
Greenhouse–Geisser correction was used for determining signiﬁ-
cance for interactions.
There was a signiﬁcant main effect of age (F(1, 28) = 4.216,
p = 0.049). Overall the younger group had contrast thresholds that
were 9% lower than the older group. There was a main effect of
stimuli group (F(1, 28) = 5.127, p = 0.0315) with the average differ-
ence in thresholds between stimuli types 10% lower in the sine-
wave grating training group as compared to the RDC group. There
was a main effect of noise (F(5, 140) = 112.09, p < 0.001). Post hoc
analysis (Tukey HSD test) indicated that the two lowest levels were
signiﬁcantly different (p < 0.05) from all other noise levels. Finally,
there was a main effect of pre-/post-test (F(1, 28) = 21.881,
p < 0.001). The average reduction of threshold from pre-test to
the post-test was 12%.
There was a signiﬁcant interaction between pre-/post-test and
noise level (F(3.82, 106.99) = 4.056, p = 0.005). A simple effects
analysis found that all matched levels of noise were signiﬁcantly
different from pre- to post-test duplicating the main effect of
day. There was a signiﬁcant 3-way interaction between pre-/
post-test, noise, and age (F(3.82, 106.99) = 3.003, p = 0.023). An
analysis of simple effects for age and noise level indicated younger
observers had signiﬁcant improvements at all levels of noise from
pre- to post-test except at the lowest noise levels. Older observers
also improved from pre to post-test at all noise levels except levels
2 and 3. The overall patterns of results are shown in Fig. 7.
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Fig. 7. Contrast threshold as a function of day, noise, and age for both stimulus types from the analysis of pre/post-test measurements.
Table 5
The ﬁt PTM parameters for day 1 and day 2 from the analysis of pre/post-test measurements. See Eq. (1) and Table 1 for deﬁnition of terms.
Sine-wave stimuli RDC stimuli
Younger average Older average Younger average Older average
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am
b 0.8423 0.8423 0.9111 0.9111 0.6240 0.6240 0.6409 0.6409
c 3.1948 3.1948 3.5836 3.5836 2.2102 2.2102 2.7900 2.7900
Nmul 0.9979 0.9979 0.9965 0.9965 0.9981 0.9981 0.9989 0.9989
Nadd 0.0002 0.0002 0.0035 0.0035 0.0039 0.0039 0.0156 0.0156
Ratio(1) 0.9966 0.9966 0.8899 0.8899 0.8343 0.8343 0.8419 0.8419
Adj. R2(1) 0.8697 0.8697 0.9692 0.9692 0.9919 0.9919 0.9501 0.9501
Am(2) 1.0000 0.0085 1.0000 0.0180 1.0000 0.3882 1.0000 0.6148
Aa(2) 0.4114 0.5521 0.0072 0.0098 0.7848 1.0247 0.3873 0.4770
Ae(2) 0.4134 0.5714 0.3932 0.5428 0.7519 0.9860 0.8192 0.9978
Ratio(2) 0.9301 0.9301 0.8523 0.8523 0.8476 0.8476 0.8847 0.8847
Adj. R2(2) 0.8872 0.8496 0.8630 0.8174 0.9926 0.9901 0.9959 0.9946
Ratio Diff. 0.0665 0.0665 0.0376 0.0376 0.0133 0.0133 0.0428 0.0428
Mean adj. R2 0.8785 0.8597 0.9161 0.8933 0.9922 0.9910 0.9730 0.9724
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The estimated parameters for the averaged data for both stimuli
types and both age groups are presented in Table 5. The ratio dif-
ference scores do not indicate change in internal multiplicative
noise for either age group for either type of stimuli. As a result,
all further PTM analyses used a constant Nmul value. For the sine-
wave stimuli there was a reduction in additive internal noise for
the younger (Aa(2) = 0.411) and older group (Aa(2) = 0.007). There
was also an increased tolerance to external noise for the sine-wave
stimuli for the younger group (Ae(2) = 0.413) and for the older
group (Ae(2) = 0.392). For the RDC stimuli there was a reduction
in additive internal noise for the younger group (Aa(2) = 0.784)
and for the older group (Aa(2) = 0.387). There was also increased tol-
erance to external noise in the RDC stimuli group for younger
(Ae(2) = 0.751) and older observers (Ae(2) = 0.819). Fig. 8 shows the
PTM curves for the analysis of the pre/post-test measurements.4.3. Discussion
The results of the pre/post-test measurement analysis indicated
that transfer of learning occurred for both age groups and between
both stimulus types. According to the interaction of pre-/post-test,
noise, and age, as show in Fig. 7, both age groups showed improve-
ment except for the younger group at low noise levels. The model-
ing results indicate a reduction in additive internal noise and
increased tolerance to external noise during post-training assess-ment for both types of motion stimuli (see Table 5). While there
were some differences in the pattern of results between the youn-
ger and older age groups, both groups experienced transfer of
learning across both stimuli types.
The results of the PTM analysis were similar to those found in
Experiments 1 and 2. The group that received the pre- and post-
tests with the sine-wave grating stimuli (and was trained for
6 days with RDCs) showed reduced additive internal noise and in-
creased tolerance to external noise in both age groups. Interest-
ingly, perceptual efﬁciency gains resulting from training
exceeded those found in Experiments 1 and 2 (see Table 6 for a
summary of PTM results). The younger and older age groups that
received the pre- and post-tests with the RDC stimuli (and were
trained for 6 days with sine-wave gratings) also had reduced addi-
tive internal noise and increased tolerance to external noise. How-
ever, the gains in perceptual efﬁciency were not consistently
greater that those found in experiments 1 and 2 (see Table 6).
Overall, perceptual learning was greatest for both age groups in
the sine-wave pre-/post test group. This suggests that greater
transfer occurred when trained with RDC stimuli.5. General discussion
In general the results of this research indicate several important
ﬁndings regarding age-related differences in perceptual processing
and the effects of perceptual training. First, the results indicate
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Fig. 8. The PTM curve ﬁt for both age groups with both stimulus types for the analysis of pre/post-test measurements.
Table 6
A summary of the PTM ﬁt results from Experiments 1, 2, and the analysis of pre/post-test measurements. See Eq. (1) and Table 1 for deﬁnition of terms.
Exp. 1 (sine) Pre/post-test (sine) Mean (sine) Exp. 2 (RDC) Pre/post-test (RDC) Mean (RDC) Mean
Younger
Nmul 0.9974 0.9979 0.9976 0.9968 0.9981 0.9974 0.9975
Nadd 0.0002 0.0002 0.0002 0.0011 0.0039 0.0025 0.0013
Aa(2)/(6) 1.1212 0.4114 0.7663 0.6369 0.7848 0.7109 0.7386
Ae(2)/(6) 0.4286 0.4134 0.4210 0.6945 0.7519 0.7232 0.5721
Older
Nmul 0.9980 0.9965 0.9973 0.9977 0.9989 0.9983 0.9978
Nadd 0.0037 0.0035 0.0036 0.0040 0.0156 0.0098 0.0067
Aa(2)/(6) 0.3336 0.0072 0.1704 0.8827 0.3873 0.6350 0.4027
Ae(2)/(6) 0.7105 0.3932 0.5518 0.7664 0.8192 0.7928 0.6723
154 J.D. Bower, G.J. Andersen / Vision Research 61 (2012) 144–156lower perceptual efﬁciency in older adults. In two experiments we
examined age-related differences in baseline levels of internal
noise. In low noise stimuli a possible factor that limits human per-
formance is internal noise. Using the PTM, additive internal noise
(Nadd) was found to be higher for the older group with both sine-
wave gratings and RDCs. This ﬁnding supports previous psycho-
physical research suggesting that increased internal noise was
the source of age-related motion processing decrements (Bennett
et al., 2007; Betts et al., 2005). It is possible that the increase in
additive internal noise in older adults found in the present study
is related to neurological ﬁndings showing increased base ﬁring
rates in V1 and MT neurons in senescent animals (Hau et al.,
2006; Leventhal et al., 2003; Schmolesky et al., 2000; Yang et al.,2008). An important goal of future research will be to directly
examine this relationship.
We examined whether older adults had increased internal mul-
tiplicative noise in addition to increased additive internal noise.
However, we did not ﬁnd evidence that multiplicative internal
noise was elevated in our older participants compared to the youn-
ger group. In both experiments older observers were found to be
less efﬁcient at processing external noise than younger partici-
pants. In general, the older groups had higher thresholds in high
noise conditions than younger observers. In addition, PTM analysis
suggested that prior to training younger observers had greater tol-
erance to external noise. Our ﬁndings support previous research,
primarily studies using RDCs, that indicate that older adults have
J.D. Bower, G.J. Andersen / Vision Research 61 (2012) 144–156 155difﬁculty processing motion when noise is present (Andersen &
Atchley, 1995; Bennett et al., 2007; Gilmore et al., 1992; Pilz,
Bennett, & Sekuler, 2010; Trick & Silverman, 1991).
A second major ﬁnding is that both older and younger observers
had improved perceptual efﬁciency after perceptual training. PTM
analysis indicated that older participants showed a reduction in
additive internal noise after perceptual training for both stimulus
types. Younger observers, with the exception of Experiment 1, also
showed reductions in additive internal noise (see Table 6). Unlike
the results for additive internal noise, there was no evidence that
multiplicative internal noise changed for either age group follow-
ing training. In Experiments 1 and 2, the reduction of additive
internal noise for the older group was greater than that of the
younger group. If increases in baseline neural ﬁring in older ani-
mals (Hau et al., 2006; Leventhal et al., 2003; Schmolesky et al.,
2000; Yang et al., 2008) is related to the internal noise parameters
measured by the PTM, an interesting question is whether behav-
ioral reductions in additive internal noise are correlated with
changes in ﬁring rates?
A third major ﬁnding of the present study is that older adults
can beneﬁt from perceptual training. Speciﬁcally, reductions in
additive internal noise correspond to improvements at detecting
the motion direction of low-noise and low contrast stimuli.
Improving contrast perception of low-noise stimuli through train-
ing may reduce or eliminate age-related deﬁcits in motion and
contrast perception (Sekuler, 1980; Snowden & Kavanagh, 2006).
An important issue for future research will be to examine this pos-
sibility. Both age groups showed increased tolerance to external
noise after training. The younger participants showed some change
in tolerance to external noise in Experiments 1 and 2 but the mag-
nitude of this change was not large. In contrast, older subjects
showed a considerable change in tolerance to external noise in
Experiments 1 and 2. An increased tolerance to external noise for
older adults reduced the age-related differences observed prior to
training. These results suggest that perceptual training may be use-
ful to improve visual function for older individuals in daily life.
Finally, we examined age-related differences in transfer of per-
ceptual learning. In an analysis of pre/post-test measurements, we
found transfer of learning (i.e. additive internal noise reduction and
increased tolerance to external noise) between sine-wave gratings
and RDCs for both age groups (see Table 6). Sine-wave gratings and
RDCs are both used to study motion perception but are rarely di-
rectly compared. It is well established that both drifting sine-wave
gratings and RDCs are processed by similar neural mechanisms in
areas V1 and MT (Movshon et al., 1985; Qian & Andersen, 1994;
Rodman & Albright, 1989; Snowden et al., 1991; Tootell et al.,
1995). Establishing that perceptual learning can transfer between
these stimuli demonstrates a situation in which changes in efﬁ-
ciency generalize beyond the trained stimuli. An interesting ﬁnd-
ing in the analysis of pre/post-test measurements was that
training with RDC stimuli produced a greater increase in percep-
tual efﬁciency than training with sine-wave gratings. In addition,
overall thresholds were higher (lower performance) across all
experiments with RDC stimuli compared to sine-wave gratings.
There are several differences between RDC and sine wave gratings
that may account for this result. Sine-wave gratings require the ob-
server to process a continuous and patterned stimulus. Local mo-
tion vectors (dots) in RDCs are not a continuous pattern. RDCs
require the detection and integration of local motion vectors (Festa
& Welch, 1997; Reichardt, 1961). Perceiving the motion direction
in a ﬁeld of dots may require additional processing as compared
to drifting sine-wave gratings. Another possibility is that RDCs car-
ry more spatial frequency information (e.g., frequency information
in all directions at a given dot) as compared to sine-wave gratings
(which only contain frequency information in a single direction).
Vector integration and/or increased spatial frequency informationwith RDC stimuli may result in greater cortical processing. As a re-
sult, RDC stimuli may be more effective for both increasing percep-
tual efﬁciency and producing perceptual learning that generalize to
other motion stimuli. However, it is important to note that the
learning rate differences found between sine-wave gratings and
RDCs may be due to the speciﬁc characteristics of the stimuli used
in our experiments. For example, changing the number or size of
the dots in the RDC stimulus could change the difﬁculty of the task
and consequently change the rate of learning. An important issue
for future research will be to examine this issue by directly equat-
ing task difﬁculty for RDC and sine wave grating stimuli.
In summary, the results of this research suggest that age-relate
decrements in motion perception are due to lower tolerance to
external noise and increased additive internal noise in older
adults. Perceptual training was found to be effective for increasing
tolerance to external noise as well as reducing additive internal
noise in older individuals. These results, considered together,
indicate a high degree of plasticity for visual processing with ad-
vanced age. In addition, perceptual learning was found to transfer
between sine-wave gratings and RDCs in both younger and older
observers. This provides evidence that perceptual learning can
generalize between different information types under some
conditions. Overall, the results of this research have positive
implications for developing interventions to improve visual func-
tion for older populations.References
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